Enterobacteriaceae produce antimicrobial peptides for survival under nutrient starvation. Microcin J25 (MccJ25) is an antimicrobial peptide with a unique lasso topology. It is secreted by the ATPbinding cassette (ABC) exporter McjD, which ensures self-immunity of the producing strain through efficient export of the toxic mature peptide from the cell. Here we have determined the crystal structure of McjD from Escherichia coli at 2.7-Å resolution, which is to the authors' knowledge the first structure of an antibacterial peptide ABC transporter. Our functional and biochemical analyses demonstrate McjD-dependent immunity to MccJ25 through efflux of the peptide. McjD can directly bind MccJ25 and displays a basal ATPase activity that is stimulated by MccJ25 in both detergent solution and proteoliposomes. McjD adopts a new conformation, termed nucleotide-bound outward occluded. The new conformation defines a clear cavity; mutagenesis and ligand binding studies of the cavity have identified Phe86, Asn134, and Asn302 as important for recognition of MccJ25. Comparisons with the inward-open MsbA and outward-open Sav1866 structures show that McjD has structural similarities with both states without the intertwining of transmembrane (TM) helices. The occluded state is formed by rotation of TMs 1 and 2 toward the equivalent TMs of the opposite monomer, unlike Sav1866 where they intertwine with TMs 3-6 of the opposite monomer. Cysteine cross-linking studies on the McjD dimer in inside-out membrane vesicles of E. coli confirmed the presence of the occluded state. We therefore propose that the outwardoccluded state represents a transition intermediate between the outward-open and inward-open conformation of ABC exporters.
antimicrobial peptide ABC exporter | membrane transporter crystal structure | substrate binding | transport mechanism | microcin immunity protein M icrocins are gene-encoded antibacterial peptides of low molecular weight (<10 kDa), produced by Enterobacteriacea (1) . They are secreted under conditions of nutrient exhaustion through dedicated ATP-binding cassette (ABC) exporters and exert potent antibacterial activity against closely related species (2) . Microcin J25 (MccJ25) is a plasmid-encoded, ribosomally synthesized, and posttranslationally modified 21-aa antimicrobial peptide (3) . Its 3D structure shows a unique lasso topology (4) (5) (6) , with the C-terminal tail threading through an N-terminal eight-residue macrolactam ring, where it is locked by bulky amino acid side chains, thus forming a compact interlocked structure called the lasso fold (Fig. S1 ). This extraordinarily stable structure is apportioned into two regions: a loop involved in uptake of the microcin into sensitive bacteria and a ring/tail region that interacts with the cytoplasmic target of the antimicrobial peptide (1, 7, 8) . MccJ25 enters the target cell using the siderophore receptor FhuA (9) , and inside the cell it inhibits the bacterial RNA polymerase (7, 8, 10) . Four genes are required for the biosynthesis and export of MccJ25 (11) . The lasso topology is acquired by modification of a linear 58aa precursor peptide (McjA) by two dedicated enzymes (McjB and McjC) (12) . The ABC transporter McjD ensures efficient export of the toxic mature peptide out of the cell and simultaneously serves as a self-immunity strategy for the producing strain (11) . Homologs of McjD and MccJ25-like defense systems can be identified in several genomes of bacterial pathogens (13) .
ABC exporters form a large superfamily of transmembrane proteins responsible for the translocation across the membrane of a large diversity of substrates, ranging from small ions to amino acids, sugars, lipids, or peptides, using the energy of ATP hydrolysis. Some ABC exporters contribute to multidrug resistance. Bacterial ABC exporters are dimers, with each monomer composed of a transmembrane domain (TMD) consisting of six TM helices, which forms the translocation pathway across the membrane bilayer and ensures the substrate specificity, and a nucleotide-binding domain (NBD) where binding and hydrolysis of ATP take place. Biochemical and modeling studies, and the crystal structures of the Escherichia coli lipid A transporter MsbA (14) , the Staphylococcus aureus exporter Sav1866 (15) , and others suggest that ABC exporters extrude their substrates out of the cell via an alternating access mechanism. However, the current structures do not explain how the transition between inward-open and outward-open conformations occurs mechanistically. Here we have determined the high-resolution structure Significance ATP-binding cassette (ABC) exporters transport substrates by an alternating access mechanism that is driven by ATP binding and hydrolysis. The general mechanism is a motion from an inward to an outward state, with a different intertwining of the half-transporters in both states. In this study we determined the function and crystal structure of the ABC exporter McjD that exports the antibacterial peptide microcin J25. Our structure represents a novel nucleotide-bound, outwardoccluded state. It does not possess subunit intertwining and shows a well-defined binding cavity that is closed to all sides, consistent with it being an intermediate between the inwardand outward-facing state. Our structure provides valuable insights in a transition state of an ABC exporter. (Fig. S1 ); the basal activity of McjD was measured at different ATP concentrations and displayed a K m of 169.3 ± 6.7 μM and a V max of 44.4 ± 0.5 nmol min − 1 mg protein − 1 . A Walker B mutant, E506Q, was used as a control to subtract ATP background hydrolysis and showed significantly reduced activity, 2% relative to the wild-type McjD. The ATPase activity of McjD was inhibited by the specific inhibitors adenosine 5′-(β,γ-imido)triphosphate (AMP-PNP) and ortho-vanadate, with an IC 50 of 39.5 ± 0.6 μM and 61.6 ± 1.1 μM, respectively (Fig. S5 ). The ATPase activity of McjD reconstituted in proteoliposomes was stimulated by MccJ25 in a concentrationdependent manner (Fig. 1C ). The ATPase activity of detergent purified McjD could also be stimulated by MccJ25 at slightly lower levels compared with the reconstituted protein ( Fig. 1D ). Surprisingly, the McjD ATPase activity was also stimulated by Hoechst 33342 (Fig. 1D ), which is a typical substrate for multidrug transporters such as Sav1866 and MsbA (16, 17) . Our observations on McjD-mediated Hoechst 33342 transport in proteoliposomes, and McjD-mediated Hoechst 33342 and ethidium transport in intact cells, underscore the relevance of structural comparisons between McjD and these ABC exporters ( Fig. 1 E and F and Fig. S1 ).
Overall McjD Structure. We determined the structure of McjD in complex with the ATP analog AMP-PNP at 2.7-Å resolution (Table S1) by molecular replacement using the Salmonella typhimurium MsbA (14) and S. aureus Sav1866 (15) as search models. The quality of the electron density allowed us to build the entire sequence, and the structure was refined to an R factor of 24.7% and R free of 26.6%. Clear electron density was also observed for AMP-PNP, Mg 2+ , and two detergent molecules (Fig. S6 ). The overall architecture of McjD is similar to Sav1866 and MsbA multidrug ABC exporters ( Fig. 2A) ; the structure is a homodimer, and each monomer is composed of an N-terminal TMD (6 TM helices) and a C-terminal NBD. The transporter is 124 Å long, 55 Å wide, and 51 Å deep. The dimer interface at the TMDs is formed between TM2 and TM5/TM6 from one monomer, with the equivalent TM5/ TM6 and TM2 from the opposite monomer, burying a surface area of ∼7,100 Å 2 per subunit. The TM helices are connected by extracellular (ECL) and intracellular (ICL) loops; ICL1 (between TM2 and TM3) and ICL2 (between TM4 and TM5) form the coupling helices that interact with the NBD to transmit ATP binding and hydrolysis-induced conformational changes to the TMDs. For this purpose ICL1 contacts both NBDs, whereas ICL2 only interacts with the NBD from the opposite monomer, as observed for other ABC exporters. The overall conformation of the McjD NBD is very similar to that of Sav1866 and MsbA. Because McjD was cocrystallized with the ATP analog AMP-PNP and MgCl 2 , the NBDs are dimerized in the ATP-bound state with the P-loop and ABC signature motifs involved in the binding of the nucleotide at each nucleotide-binding site.
McjD Ligand Binding Cavity. The 12 TM helices form a large cavity, ∼5,900 Å 3 , that is occluded from both sides of the membrane (Fig. 2 B-D) . The cavity is aligned by ionizable (six Arg) residues, as well as polar and hydrophobic residues (Fig. 2C ). The cavity of McjD is approximately 40 Å long, with its widest point at 21 Å and the narrowest point at 10 Å, perpendicular to the membrane. In the absence of direct structural information about the McjD-MccJ25 complex, we constructed a model to identify potential residues that coordinate peptide binding. The NMR structure of MccJ25 shows that the lasso peptide is 23 Å long with a loop length of 10 Å, and is 18 Å wide at the lariat ring (4-6). In the current conformation of McjD, we could only position MccJ25 in one orientation without further manipulation. The volume of MccJ25 from the NMR structure was calculated to be 1784 Å 3 ; it thus could fit inside the McjD cavity with some minor steric hindrance (Fig. S7) ; the lariat ring of MccJ25 is a very rigid structure, and it could only be positioned facing toward the wider and more charged cytoplasmic side of the cavity. The cavity at the periplasmic face is more narrow and hydrophobic and thus can accommodate and bind residues in the loop region of MccJ25 (Phe10, Ile13, Ile17, and Phe19). We have recently shown that MccJ25 loses its β-strand structure at the loop region upon binding to the outer membrane receptor FhuA Inspection of the McjD binding cavity revealed elongated electron density close to the bottom of the ligand-binding cavity that is formed between the two McjD monomers (Fig. S6) ; the high resolution allowed us to model and refine this density as nonyl-glucopyranoside (derived from the crystallization buffer). The residues in this region can bind inhibitors, as shown by the low-resolution inward-facing structure of the mammalian multidrug resistance ABC transporter P-glycoprotein in the presence of the cyclic peptide inhibitors QZ59-SSS and QZ59-RRR (18) . The two nonyl-glucopyranoside detergent molecules in the McjD structure are bound in a similar location as the P-glycoprotein inhibitors. However, the ATPase activity of purified McjD in detergent solution and in proteoliposomes was not significantly stimulated or inhibited by nonyl-glucopyranoside ( Fig. S8 ). Furthermore, McjD expression in intact cells was not associated with enhanced resistance to nonyl-glucopyranoside compared with cells expressing nonactive E506Q-McjD (Fig. S8) ; McjD expression does confer resistance on cells to MccJ25 under these conditions ( Fig. 1A  and Fig. S1C ). We therefore conclude that nonyl-glucopyranoside is not a substrate or inhibitor of McjD. Under the current crystallization conditions, the detergent contributes to the stability of the McjD dimer in this occluded state. The crystal packing may further stabilize the current conformation, even though we do not observe significant crystal contacts along the TMs (Fig. S6 ).
Cysteine Cross-Linking. In the presence of AMP-PNP, both the MsbA and Sav1866 structures adopt a "winged" outward-open conformation. Because the McjD structure in the presence of AMP-PNP is in an occluded state, we used a predictive cysteinecross approach to further characterize this new conformation. As the wild-type protein contains four cysteines, we first constructed a Cys-less McjD protein (McjD-cl). This mutant is functional because it shows a basal ATPase and ethidium efflux activity comparable to wild-type protein and mediates cellular resistance to MccJ25 (Fig. S1 ). Next we introduced a single cysteine at position 53 (McjD-L53C), which allows intermolecular cross-linking between the extracellular loops connecting TM1-TM2 and TM1'-TM2' in the ATP-bound McjD dimer in a manner that is specific for the occluded state and that excludes the "winged" outwardfacing state. ISOVs containing McjD-L53C and detergent purified protein were preincubated with nucleotides for 10 min before the addition of the oxidizing agent CuCl 2 (SI Materials and Methods).
McjD-cl did not display any cross-linking. In addition, the apo McjD-L53C preparation did not contain significant amounts of preformed cross-linked dimer in the absence of CuCl 2 . In the presence of the oxidizing agent CuCl 2 and AMP-PNP or ATP ± Mg 2+ , intermolecular cross-linking in the McjD dimer verified the existence of the nucleotide-bound occluded state in both E. coli membranes and detergent solution ( long Leu29 and Gln90 and shifted by 6 Å at ECL1 relative to Sav1866 (Fig. 4C) . As a result, TM1 is located in the vicinity of TM6 of the same monomer and TM1 of the adjacent monomer.
TM2 is close to TM5 from the adjacent monomer; TM5 bends by 25°at Leu264 toward TM2. This configuration of TMs causes the occlusion at the periplasmic side and is consistent with the observations on cysteine cross-linking at position L53C in the apo and AMP-PNP bound conformations of McjD ( Fig. 3 and Fig. S1 F and G) . Another feature of McjD is the presence of three salt bridges between Lys80 and Glu301 (from the opposite monomer), Arg141 and Glu309, and Arg195 and Asp135; these salt bridges seem to stabilize packing of TM2 to TM6 (of the opposite monomer), TM3 to TM6, and TM3 to TM4 in our occluded state (Fig. 4D ). For comparison, the outward-open Sav1866 is stabilized by salt bridges between Glu78 from TM2 and Arg295 from TM6 of the opposite monomer. We have previously shown that Glu314 in the ABC multidrug transporter LmrA from Lactococcus lactis, which is equipositional to Glu309 in McjD, is important for LmrA-mediated efflux of ethidium and other substrates (19) . McjD shares 19% sequence identity at the TMD (residue 1-342) with LmrA. We investigated the role of Glu309 for McjD activity by mutating this residue to Gln and Ala. Our ethidium transport data in whole cells (Fig. 4E ) are reminiscent of those obtained for LmrA (19) and show a low residual ethidium efflux activity for the mutants compared with wild-type protein. Therefore, the stabilization of the TMs in the McjD dimer by the salt bridges supports the important role of our occluded state in the propagation of the transport cycle. We also investigated whether McjD can adopt an outward-open state by performing the Leu53Cys cross-linking experiment at pH 4.5 ( Fig. S1 H and I) , where salt bridges in the McjD dimer can be disrupted through protonation of relevant carboxylates. In the absence of nucleotides, a substantial population of McjD formed a cross-linked dimer under these conditions, whereas dimer formation was not observed in the presence of ATP or AMP-PNP. These results suggest that McjD can sample an outward-open conformation similar to Sav1866. Our work on McjD describes a novel conformation for ABC exporters, a nucleotide-bound outward-facing occluded state. A nucleotide-bound occluded conformation has been previously reported for the type I ABC importer MBP-MalFGK 2 (20) and type II ABC importer BtuCD-F (21) . The cavity in MalFGK 2 is not completely occluded at the TMD, but the MBP protein occludes it at the periplasmic side. In contrast, the BtuCD-F cavity is occluded at the TMD by the periplasmic and cytoplasmic gate. The existence of a conformation in which the NBDs are dimerized without opening of the TMD at their external side was also recently observed for MsbA in cysteine cross-linking and FRET studies (22) . Our McjD conformation is therefore relevant for other ABC exporters.
Mechanistic Implication. ABC exporters need to alternate between inward-facing and outward-facing conformations to transport their substrates from the cytoplasm to the periplasm in an ATPdependent manner. The proposed mechanism for exporters is an alternating access model with subunit intertwining (14, 15) ; the transporter cycles between an inward-and outward-facing conformation in which the TM 4 and 5 hairpin is exchanged between the TMDs of the half-transporters in the inward-facing dimer, whereas the TM 1 and 2 hairpin is exchanged in the outwardfacing dimer. In the inward conformation the substrate can bind in the open cavity between the TMDs, which in turn stimulates binding of ATP (22) Fig. 4 A and B) . As such, it represents an intermediate state between the outward-facing conformation and the inward-facing conformation (Fig. 5 ). After the ligand has left the outward-open cavity, TMs 1 and 2 rotate away from TMs 3-6 of the opposite monomer to form the outwardoccluded state without TMD intertwining (current McjD structure). We propose that the initial conformational changes associated with this transition are ATP-independent.
Transition from the outward occluded state to the inward-open conformation will require ATP hydrolysis, which disrupts the NBD dimer interface and induces intertwining of TMs 1-3, 6 from one monomer with TMs 4 and 5 from the opposite monomer. After the system reverses back to the inward conformation, a substrate-bound form of the nucleotide-bound outward occluded state might occur during the ATP-dependent transition from the inward-facing state to the outward-facing state (Fig. 5) ; in BtuCD-F the equivalent occluded ATP-bound state was trapped with engineered disulphide bonds (21) .
In summary, to the authors' knowledge we have generated the first high-resolution structure of an antibacterial peptide (microcin) ABC exporter. Our structure of McjD represents a novel outwardoccluded intermediate between the outward-facing state and inward-facing state of ABC exporters.
Materials and Methods
Detailed materials and methods are available online (SI Materials and Methods). McjD was cloned as a fusion with a C-terminal GFP that contained a His 6 -tag and tobacco etch virus (TEV) site. The protein was expressed in E. coli and purified in 0.03% n-Dodecyl-β-D-maltopyranoside. The GFP-tag was removed by TEV protease before crystallization and biochemical analyses in detergent solution. For functional analyses in intact cells and proteoliposomes, non-GFP-tagged McjD was expressed in a drug-hypersensitive E. coli that lacks the major endogenous drug efflux pump AcrAB-TolC. The ATPase activity of purified proteins in detergent solution and proteoliposomes was measured in an enzymatic-coupled assay and by the malachite green method, respectively. Transport in intact cells and proteoliposomes was determined by fluorimetry. Ligand binding was assessed by MST. Cysteine cross-linking studies were performed in ISOVs and detergent-purified McjD protein. McjD crystals were grown in the presence of 10 mM AMP-PNP, 2.5 mM MgCl 2 , and nonyl-glucopyranoside. The structure of McjD was solved by molecular replacement using the MsbA (14) and Sav1866 (15) structures as search models. The final structure was refined to a resolution of 2.7 Å.
